Methanogenic flowthrough aquifer columns were used to investigate the potential of bioaugmentation to enhance anaerobic benzene-toluene-ethylbenzene-xylene (BTEX) degradation in groundwater contaminated with ethanol-blended gasoline. Two different methanogenic consortia (enriched with benzene or toluene and o-xylene) were used as inocula. Toluene was the only hydrocarbon degraded within 3 years in columns that were not bioaugmented, although anaerobic toluene degradation was observed after only 2 years of acclimation. Significant benzene biodegradation (up to 88%) was observed only in a column bioaugmented with the benzene-enriched methanogenic consortium, and this removal efficiency was sustained for 1 year with no significant decrease in permeability due to bioaugmentation. Benzene removal was hindered by the presence of toluene, which is a more labile substrate under anaerobic conditions. Real-time quantitative PCR analysis showed that the highest numbers of bssA gene copies (coding for benzylsuccinate synthase) occurred in aquifer samples exhibiting the highest rate of toluene degradation, which suggests that this gene could be a useful biomarker for environmental forensic analysis of anaerobic toluene bioremediation potential. bssA continued to be detected in the columns 1 year after column feeding ceased, indicating the robustness of the added catabolic potential. Overall, these results suggest that anaerobic bioaugmentation might enhance the natural attenuation of BTEX in groundwater contaminated with ethanol-blended gasoline, although field trials would be needed to demonstrate its feasibility. This approach may be especially attractive for removing benzene, which is the most toxic and commonly the most persistent BTEX compound under anaerobic conditions.
The widespread contamination of surface and groundwater resources by the gasoline oxygenate methyl tert-butyl ether (MTBE) is leading to its phaseout. Ethanol, a likely candidate to substitute MTBE, is increasingly being used as a gasoline additive to meet renewable fuel and Clean Air Act requirements (48) . Therefore, the presence of ethanol in groundwater contaminated with the gasoline constituents benzene, toluene, ethylbenzene, and xylenes (BTEX) is expected to increase in the near future.
Previous studies have shown that the preferential degradation of ethanol and the accelerated depletion of nutrients and electron acceptors that would otherwise be available for hydrocarbon biodegradation are likely to hinder BTEX removal (20, 50) . These conditions could contribute to longer BTEX plumes, increasing the probability that a potential downgradient receptor will be exposed (47, 51) . Thus, ethanol could deter the acceptability of the natural attenuation for controlling the migration of BTEX plumes at some sites, leaving a margin for alternative bioremediation approaches to solve the problem.
Aerobic bioremediation typically exhibits broader catabolic range and faster BTEX degradation kinetics than anaerobic systems (20, 50) . However, aerobic processes are not universally applicable, and anaerobic strategies might be more appropriate to treat some ethanol-blended gasoline releases. Specifically, the high biochemical oxygen demand exerted by ethanol, typically exceeding 4,000 mg liter Ϫ1 near the source (41, 42) , could make the delivery of sufficient oxygen (which has a relatively low solubility) a technically difficult if not prohibitively expensive task. Furthermore, oxygen addition could lead to clogging problems due to the precipitation of metal oxides (30, 61) , particularly when the dissolved Fe(II) concentration exceeds 20 mg liter Ϫ1 (55) . Thus, reductive dissolution of iron (possibly exacerbated by the anaerobic degradation of ethanol) would increase the difficulty to distribute oxygen and nutrients required to stimulate aerobic BTEX degradation.
Enhanced anaerobic BTEX biodegradation has been reported following the addition of nitrate (5, 17, 19) , chelated Fe(III) (37, 39) , and sulfate (3, 38) . Nevertheless, anaerobic biostimulation may not be sufficient to ensure BTEX degradation if the aquifer material does not contain specific degraders in sufficient numbers to exert measurable degradation rates. In such cases, the addition of anaerobic microorganisms with the desired catabolic capacity directly into the contaminated zone should be evaluated for its ability to enhance the natural attenuation of BTEX and ethanol mixtures.
The benefits of bioaugmentation have been demonstrated in field tests for a wide variety of contaminants, including MTBE (52) and chlorinated solvents (23, 24, 26, 40) . Similarly, benzene degradation in a sulfate-reducing zone of a petroleumcontaminated aquifer was observed only after the inoculation of a benzene-oxidizing, sulfate-reducing enrichment from aquatic sediments (59) . These studies, however, did not deal with the high electron acceptor demand that is exerted during ethanol degradation, which is likely to drive the system rapidly to methanogenic conditions (22) . To date, the ubiquity of methanogenic consortia capable of degrading benzene has not been established (36) , and no previous studies have addressed how to enhance BTEX biodegradation under methanogenic conditions. This paper addresses the potential of bioaugmentation to enhance the anaerobic degradation of BTEX-ethanol mixtures under methanogenic conditions that are characteristic of sites contaminated by ethanol-blended gasoline. An emphasis was placed on quantifying the presence of bssA and determining whether its concentration was correlated to toluene degradation activity. This gene codes for benzylsuccinate synthase (BSSA), a ubiquitous enzyme that initiates the anaerobic degradation of toluene and xylenes by catalyzing the addition of fumarate to the methyl group (1, 6, 9, 10, 12, 33, 49) . The bssA gene is expressed in phototrophic (62), denitrifying (8), sulfatereducing (9), and iron-reducing (31) bacteria. However, no previous studies have determined whether higher numbers of bssA gene copies correspond to higher toluene degradation rates under methanogenic conditions, which is important for the evaluation of the usefulness of this gene as a biomarker for environmental forensic analysis of anaerobic bioremediation potential.
MATERIALS AND METHODS
Aquifer columns. Flowthrough aquifer columns (120-cm length, 5-cm diameter) equipped with eight sampling ports (at 2. 5, 7.6, 14, 20, 40, 60, 80 , and 100 cm from the inlet) were used to investigate the effect of ethanol on BTEX natural attenuation (22) and their enhanced biodegradation through anaerobic bioaugmentation. The columns were packed with aquifer material collected from the Northwest Terminal in Tigard, Oregon, and were fed continuously over 3 years in an up-flow mode with ethanol (ϳ1,000 mg liter Ϫ1 ) and BTEX (total of 13 to 26 mg liter Ϫ1 ) dissolved in a carbonate-buffered mineral medium. The substrates were fed by using a syringe pump (Harvard Apparatus model 22) and the carbonate medium was fed by using a peristaltic pump (Masterflex model 7519-15). The ratio of peristaltic pump to syringe pump was set at 20:1. The mineral medium composition (in milligrams per liter) was as follows: NO 3 Ϫ (5.0 to 17.0); SO 4 2Ϫ (4.0); CaCO 3 (1,000); NH 4 ϩ (5.5); Mg 2ϩ (1.5); PO 4 3Ϫ (0.06); and Ni(II), Cu(II), Zn(II), Co(II), and Mo(IV) (0.002 each). The medium was constantly purged with N 2 -CO 2 (95:5, vol/vol) gas to remove dissolved oxygen. The hydraulic characteristics of the columns were estimated by fitting bromide tracer data to the one-dimensional advection-dispersion equation as described previously (22) , and the hydraulic parameters (with values in parentheses) are as follows: flow (6.7 to 7.5 ml h Ϫ1 ), effective porosity (0.37), dispersion (5 cm 2 h Ϫ1 ), and seepage velocity (0.9 cm h Ϫ1 ). Cultures for bioaugmentation. Two methanogenic BTEX-enriched consortia capable of mineralizing BTEX to CO 2 and CH 4 (27, 54) were utilized as inocula. The toluene-and o-xylene-enriched consortium was obtained from a site contaminated with creosote and maintained in the laboratory for 10 years (27) . The benzene-enriched consortium was obtained from an oil refinery site (54) . This consortium was derived from sulfate-reducing microcosms that became methanogenic after 1.5 years and was maintained in the lab for six subsequent years.
Previous molecular characterization of the toluene-and o-xylene-enriched consortium showed the presence of two archaea (a Methanosaeta sp. and a Methanospirillum sp.), one sulfate-reducing bacterium (a Desulfotomaculum sp.), and one bacterium not related to any known genus (27) . The Methanosaeta sp. is an obligatory aceticlastic methanogen, oxidizing the carboxylic group of acetate to CO 2 and reducing the methyl group to methane. The Methanospirillum sp. uses formate and hydrogen as electron donors to reduce CO 2 to methane. The Desulfotomaculum sp. is capable of growing acetogenically on ethanol, propionate, butyrate, benzoate, and other metabolites. The limited substrate range of methanogens and the observed inhibitory effect of sulfate on toluene degradation implied that the unknown bacterium might be responsible for initiating toluene degradation. BSSA, which is the only enzyme known to initiate anaerobic toluene degradation, was previously detected in this consortium (6) .
Molecular analysis of the methanogenic, benzene-enriched consortium revealed four archaeal clones (that grouped with acetoclastic and hydrogenotrophic methanogens) and two predominant bacterial clones (54) . One of these bacteria grouped with the Desulfosporosinus sp. (which typically utilizes lactate, pyruvate, ethanol, or certain fatty acids as electron donors, reducing sulfate to hydrogen sulfide), and the second bacterium grouped with Desulfobacterium aniline (which can utilize aniline and phenol as substrates). Based on the phylogenetic association of D. aniline with a clone found in a sulfate-reducing culture capable of benzene degradation (45) , and recognizing that sulfate-reducing bacteria can grow fermentatively in the absence of sulfate as an electron acceptor (16), Ulrich and Edwards (54) postulated that the latter microorganism initiates benzene degradation in this consortium.
To date, no toluene-, o-xylene-, or benzene-degrading organism has been isolated from either of these two consortia.
Column inoculation. Two columns exposed to BTEX and ethanol, which had not exhibited BTEX degradation within 1 year were inoculated with methanogenic consortia. One column was bioagumented with the toluene-and o-xyleneenriched consortium, and another was inoculated with the benzene-enriched culture. About 40 ml of the cell stock solution (ϳ10 7 cells ml Ϫ1 ) was injected into a port vial located 20 cm from the column inlet. This location was selected to determine whether specific BTEX degraders would migrate towards the column's inlet, where BTEX and ethanol concentrations are higher, or away from the source, where ethanol no longer remained (22) . The third column, which was not bioaugmented, served as a control to discern the benefits of bioaugmentation. The fourth column was poisoned with 0.01% of Kathon CG/ICP biocide (5-chloro-2-methyl-3(2H)-isothiazolone and 2-methyl-3(2H)-isothiazolone solution; Sigma-Aldrich) to distinguish biodegradation from abiotic losses (i.e., volatilization). All columns were operated in the dark and at an average temperature of 22°C.
Soil DNA extraction. Column aquifer material was collected for DNA analyses. About 5 to 10 g of soil was taken from the port vials located 2.5, 14, 20, and 60 cm from the columns' inlet. Soil samples were dried overnight at room temperature (22°C), and 0.5 g of the dry soil was then transferred into a lysing matrix tube for DNA extraction by using a FastDNA SPIN kit according to the manufacturer's protocols. A bead-beating device (MINI Beadbeater) was utilized for soil lysis. A 50-l soil DNA sample was collected in a 1.5-ml Eppendorf vial and stored in a freezer (ScienTemp) at Ϫ44°C.
RTQ-PCR. The total numbers of bacteria, archaea, and bssA gene copies were estimated by using real-time quantitative PCR (RTQ-PCR) analysis with primers and probes (Integrated DNA Technologies, Inc.) described in Table 1 . Bacteriophage (500 bp) was used as an internal standard for the determination of DNA efficiency recovery. When the recovery was lower than 100%, gene copy numbers were normalized to the fraction recovered. No correction was made 
5ЈAGAGACACGAAACGCCGTTC3Ј TET-5ЈACCTGTGGCATTTGTGCTGCCG3Ј-TAMRA a The forward and reverse primer as well as the probe were designed by Beller et al. (7) . b The forward primer BACT1369F, reverse primer PROK1492R, and probe TM1389F were developed by Suzuki et al. (53) . c The forward primer ARCHMIX1369F (ARCH1-1369F and ARCH2-1369F), reverse primer PROK1541R, and probe TM1389F were developed by Suzuki et al. (53) .
d The reporter dye used was FAM (6-carboxyfluorescein) or TET (tetrachloro-6-carboxyfluorescein), and the quencher dye was either TAMRA (6-carboxytetramethyl rhodamine) or BlackHole Quencher-1.
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when DNA recoveries exceeded 100%. Recoveries for the internal standard in the column bioaugmented with benzene-enriched consortium were 115% (at 2.5 cm), 14% (at 14 cm), and 4% (at 60 cm). Recoveries for the internal standard in the column bioaugmented with toluene-and o-xylene-enriched consortium were 148% (at 2.5 cm), 4% (at 14 cm), 6% (at 20 cm), and 15% (at 60 cm). Such wide variations in DNA recoveries (e.g., 0.6 to 126%) are commonly reported (44, 63) and are probably due to the binding of sample impurities (e.g., humic acids) that interfere with the activity of Taq polymerase during PCR analysis (46) . ), which is equivalent to the size of the Escherichia coli genome (13); and (iii) there is one copy of bssA per genome. These assumptions were also used to quantify bacteria and archaea but not bacteriophage , because, in this case, the solutions contained DNA fragments of identical length as those used in the standards. Figure  1 shows an example of a calibration curve prepared for bssA. Similar calibration curves were also prepared for bacteria (T. aromatica strain T1 [10 2 to 10 8 copies; r 2 ϭ 0.988]), archaea (Methanococcus maripaludis [10 3 to 10 8 copies; r 2 ϭ 0.990]), and bacteriophage (10 1 to 10 7 copies; r 2 ϭ 0.986). Analytical procedures. Samples for BTEX, ethanol, and methane analyses were collected with a 1-ml gas-tight syringe directly from the columns' port vials and injected into 5-ml gas chromatography (GC) vials previously capped with a 20-mm Teflon-coated septum and aluminum crimps. The vials were placed in a water bath (Buchi 461) at 85°F for 30 min. A 1-ml headspace sample was then injected directly into a Hewlett-Packard model 5890 series II GC equipped with a DB-wax column (30 m, 0.53-mm diameter; J & W Scientific) and a flame ionization detector. GC operational temperatures were set at 175°C for the injector, 250°C for the detector, and 150°C for the oven.
Bromide, acetate, nitrate, and sulfate were analyzed in an Alcott 728 auto sampler equipped with a Gilson 307 pump and a Dionex IonPac AS4A 4-mm column. A Dionex ASRS-I 4-mm anion self-regenerating suppressor and a Dionex conductivity detector ion chromatograph were connected to an interface (HP35900E) and a conductivity detector (Ionpac AS4A column). The eluent solution consisted of 250 mg of sodium bicarbonate liter Ϫ1 plus 933 mg of sodium carbonate liter Ϫ1 in deionized water. The regenerant solution consisted of deionized water with 2.68 ml of concentrated sulfuric acid (18 M) added per liter. The pH of the samples was measured by using a Fisher Scientific AB15 pH meter.
RESULTS AND DISCUSSION
Column operation history. Flowthrough aquifer columns were used to simulate the bioattenuation of BTEX and ethanol mixtures over 3 years. The removal of BTEX or ethanol was attributable to biodegradation, since negligible abiotic losses for BTEX and ethanol (Ͻ8%) were observed in the poisoned control column (data not shown). Methane concentrations measured in these columns (18 to 23 mg liter Ϫ1 ) were close to the solubility level (24 mg liter Ϫ1 at 1 atm and 20°C) ( Fig. 2B  and 3B ), confirming that methanogenic conditions prevailed.
Toluene was the only hydrocarbon that was biodegraded in the column that was not bioaugmented. However, its degradation occurred after only 2 years of acclimation (ϳ137 pore volumes exchanged) (data not shown). On the other hand, benzene degradation was not observed within 3 years. The overall persistence of BTEX compounds was attributed to the development of strongly anaerobic (methanogenic) conditions as result of the high electron acceptor demand exerted during ethanol degradation, which depleted the influent nitrate and sulfate. The low oxidation-reduction found in these columns (E h ϭ Ϫ300 mV) (22) represents decreased thermodynamic feasibility for BTEX bio-oxidation. The recalcitrance of benzene, which is the most toxic and the least frequently degraded of the BTEX compounds under anaerobic conditions (2, 29) , motivated us to investigate whether anaerobic bioaugmentation could enhance its natural attenuation in the presence of ethanol.
Effect of bioaugmentation. Major concerns about the use of bioaugmentation include the survival of the added microorganisms (34, 43) and/or low bacterial transport through the aquifer material, which acts as a filter (24) . However, bioaugmentation has a greater probability of success when the added microorganisms fill a metabolic niche that is not being exploited by the indigenous microfloras (58) . Since aerobic BTEX-degrading organisms are ubiquitous (28) , bioaugmentation is generally considered to be unnecessary to enhance aerobic BTEX bioremediation. Nonetheless, the common persistence of benzene in strongly anaerobic environments (exacerbated by the presence of ethanol) suggests that indigenous microorganisms do not readily exploit benzene degradation as an ecological niche under methanogenic conditions. Therefore, bioaugmentation with competent methanogenic consortia may be justified in such cases to shorten long acclimation periods and enhance degradation rates. Figure 2A Table 1 .
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inoculation port (located 20 cm from the inlet). BSSA, which is the enzyme responsible for initiating toluene degradation by the added consortium (6), was probably responsible for the degradation of o-xylene during bacterial growth on toluene, possibly cometabolically as discussed previously (11) . Toluenedependent degradation of o-xylene appears to be a common occurrence in anaerobic systems (2) . Interestingly, m-and pxylene degradation was not observed. Whereas the initial biotransformations of m-, p-, and o-xylene have been reported to be analogous to the biotransformation of toluene by BSSA (8, 11, 12, 33) , differences in substrate specificity among BSSA enzymes expressed in different organisms are not well understood. For example, all of the m-xylene-anaerobic degrading bacteria isolated thus far can degrade toluene, but it is unclear why the reverse is not always observed (29) . Apparently, the BSSA expressed in this consortium is selective towards toluene and o-xylene degradation. Benzene and ethylbenzene were not degraded in this column ( Fig. 2A) . The persistence of these compounds corroborates previous studies showing that this consortium is unable to degrade them (25) . Benzene (which lacks a methyl group) and ethylbenzene (which is transformed by the dehydrogenation of the ethyl group) are degraded by different anaerobic pathways (4, 32, 57, 60) .
Significant benzene degradation (Ͼ49%) was found only in the column bioaugmented with benzene-enriched microorganisms (Fig. 3A) . Interestingly, benzene removal efficiency increased from 49% Ϯ 14% to 88% Ϯ 7% after the influent toluene concentration was decreased from 6.8 to 1.0 mg liter Ϫ1 (Fig. 4) . A subsequent increase in the influent toluene concentration to 2 mg liter Ϫ1 resulted in a decrease in removal efficiency to about 75% (data not shown). These results suggest that toluene inhibited anaerobic benzene degradation. Competitive inhibition is unlikely because anaerobic benzene degradation is not mediated by BSSA, which attacks methyl groups that benzene lacks. Rather, anaerobic benzene degradation has been reported to occur through oxidation of the aromatic ring to form phenol (57, 60) and, subsequently, benzoate and a variety of aliphatic acids (29) . It is unknown if toluene was degraded by the same organisms that degraded benzene and, if so, whether toluene acted as a noncompetitive inhibitor, perhaps by being utilized preferentially or contributing to metabolic flux dilution (35) . o-Xylene degradation was also observed in this column 90 days after inoculation, and its removal increased over time (up to 99%). Overall, the high BTEX removal efficiency after bioaugmentation was sustainable for over 1 year.
Acetate, a by-product of ethanol anaerobic degradation, was observed in all columns (580 to 650 mg liter Ϫ1 ) near the inlet, where the highest ethanol degradation activity occurred ( Fig.  2B and 3B ). Acetate accumulation resulted in the reduction of pH from 8.3 to 6.3 (data not shown), even though the medium was well buffered with calcium carbonate (ϳ1 g liter Ϫ1 ). Edwards and Grbić-Galić (25) found that acetate, which is also a by-product of toluene degradation by the toluene-and oxylene-enriched methanogenic consortium, inhibited toluene degradation. Characterizing and elucidating the inhibitory mechanisms of acetate on BTEX degradation was beyond the scope of this study. However, it did not escape our attention that high benzene, toluene, and o-xylene removal rates were continuously observed near the inoculation port where neither ethanol nor acetate was present ( Fig. 2B and 3B ). The increase in biomass concentration due to bioaugmentation could potentially decrease soil permeability and affect nutrient and substrate transport to the growing cells (18, 21, 56) . However, no clogging was observed within 1 year of inoculation, suggesting that bioaugmentation (with 40 ml at ϳ10 , which was the highest measured value (Fig. 2C  and 3C ), would decrease soil porosity by only about 0.2%, assuming a dry cell weight (DCW) of 1.33 ϫ 10 Ϫ13 g (14), a soil bulk density ( bulk ) of 1,600 g liter Ϫ1 , and a biomass density ( cell ) of 1,100 g liter Ϫ1 (15), i.e., the pore volume fraction occupied by the microorganisms is calculated as (xϫ DCW ϫ bulk )/ cell (18) . Molecular analysis. Soil DNA analysis was performed in the aquifer material prior to inoculation and after 1 year of experimentation. RTQ-PCR was used to estimate the total number of archaea, bacteria, and specific toluene degraders harboring the bssA gene.
The total numbers of bacteria (ϳ10 8 cells g of soil Ϫ1 ) and archaea (e.g., methanogens) (ϳ10 10 cells g of soil Ϫ1 ) were higher near the column inlet and decreased along the column length as the substrate concentration decreased (Fig. 2 and 3) . Total bacterial concentrations were also estimated independently for these samples by using phospholipid fatty acid anal- Little is known about the diversity of the bssA gene in different bacteria. Therefore, it is unclear whether the bssA primer-probe combination used in this study (which was designed based on the genome sequence of denitrifying bacteria) might require alterations to enhance hybridization with the bssA sequences in the methanogenic consortia present in the columns. A suboptimal primer-probe sequence could have resulted in an underestimation of the total number of bssA copies. Nevertheless, the primer-probe set used in this work reproductively detected bssA (detection limit of Ն10 bssA copies g of soil Ϫ1 ) in both columns, and the highest number of bssA gene copies was measured near the location exhibiting the highest toluene degradation activity (Fig. 2) . Therefore, this gene might be a useful biomarker for environmental forensic analyses to evaluate anaerobic toluene biodegradation potential. The detection of bssA near the inlet, albeit at levels 4 orders of magnitude lower than that at the point of highest toluene degradation activity (Fig. 2C) , suggests chemotaxis of anaerobic toluene degraders toward areas of higher substrate concentration.
To investigate the persistence of the bssA gene, RTQ-PCR analysis was performed up to 1 year after column feeding was stopped (and thus, exposure to BTEX and ethanol had ceased) (Fig. 5) . The results showed that bssA genes were still present in the aquifer material (although at lower concentrations, decreasing by 92% near the inlet and 65% at the inoculation port). This detection suggests the robustness of anaerobic bioaugmentation, which may offer long-term enhanced biodegradation potential.
In conclusion, the increasing likelihood of encountering ethanol as a cocontaminant in groundwater contaminated with BTEX may require the reconsideration of current remediation practices and the development of novel remediation approaches. This work supports the notion that anaerobic bioaugmentation could be a robust and sustainable approach to accelerate the natural attenuation of BTEX in some aquifers contaminated with ethanol-blended gasoline. This approach may be especially attractive for removing benzene, which is the most toxic and commonly the most persistent BTEX compound under anaerobic conditions. Nevertheless, anaerobic bioaugmentation is unlikely to be universally applicable, and pilot studies should be conducted to identify potential critical limitations associated with scale-up issues, including the required inoculum size and cost, the need for pH control, and performance at lower temperatures in the presence of potential inhibitory compounds.
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